Nodes of Ranvier are excitable regions of axonal membranes highly enriched in voltage-gated sodium channels that propagate action potentials. The mechanism of protein clustering at nodes has been a source of controversy. In this study, developmental analysis of nodes of Ranvier in optic nerve axons reveals that early node intermediates are defined by ankyrin-G. Other node components, including beta IV spectrin, voltage-gated sodium channels, and the L1 cell adhesion molecule neurofascin, are subsequently recruited to sites of ankyrin-G clustering. The role of intact paranodes in protein clustering was examined in the dysmyelinating mouse mutant jimpy. Jimpy mice do not have intact paranodal axoglial contacts, which is indicated by a complete lack of neurexin͞contactin-associated protein͞paranodin clustering in paranodes. In the absence of intact paranodes, ankyrin-G was still able to cluster, although fewer ankyrin clusters were seen in jimpy optic nerves than in wild-type optic nerves. Recruitment of Na v1.2, Nav1.6, beta IV spectrin, and neurofascin to sites of ankyrin-G clustering is unimpaired in jimpy mice, indicating that node formation occurs independent of intact paranodal axoglial contacts.
N
odes of Ranvier, axon initial segments, and postsynaptic folds of the neuromuscular junction contain high densities of voltage-gated sodium channels crucial for generating sufficient local current to initiate a self-regenerating action potential. The mechanism for targeting and restricting sodium channels to these excitable membranes has been proposed to require one or more of the proteins that colocalize with sodium channels, including beta IV spectrin (1), ankyrin-G (ankyrin-3) (2, 3) , and the L1 cell adhesion molecules (L1 CAMs) neurofascin and NrCAM (4, 5) . Sodium channel clustering has also been hypothesized to require intact paranodal axoglial contacts that physically restrict sodium channels to a progressively smaller zone during node development (6) (7) (8) (9) .
Spectrins are a family of extended molecules comprising ␣ and ␤ subunits that assemble with actin to form a subplasmalemmal lattice required for mechanical support of plasma membranes of metazoan cells (ref. 10 ; reviewed in ref. 11) . Spectrins are linked to the plasma membrane through ankyrins and through ankyrinindependent interactions with several molecules, including membrane lipids, the N-methyl-D-aspartate receptor, the ␣ subunit of the epithelial sodium channel, and the Na ϩ ͞H ϩ exchanger (11) . A recently identified beta spectrin isoform, beta IV spectrin, is specifically enriched at nodes of Ranvier and axon initial segments and has been proposed to be involved in targeting and͞or stabilizing the other proteins at these sites (1) . Beta IV spectrin is present early in development at Purkinje neuron initial segments and depends on ankyrin-G expression for its localization to initial segments (12) . A reciprocal requirement for beta IV spectrin in ankyrin-G localization and͞or stabilization was not ruled out by these studies.
Ankyrins are a family of adaptor proteins that link the spectrinbased membrane skeleton to several integral membrane proteins, including the anion exchanger, the Na ϩ ͞Ca 2ϩ exchanger, the Na ϩ ͞K ϩ ATPase, members of the L1 CAM family, and voltagegated sodium channels (11) . Ankyrin-G, along with beta IV spectrin, is present at developing Purkinje neuron initial segments before the voltage-gated sodium channel Nav1.6 and the L1 CAMs neurofascin and NrCAM (12) . Elimination of ankyrin-G expression in Purkinje neuron initial segments results in an impaired ability to generate action potentials and mislocalization of the voltage-gated sodium channel Na v 1.6, the L1 CAMs neurofascin and NrCAM, and beta IV spectrin (3, 12) , suggesting a central role for ankyrin-G in the formation of this excitable membrane domain.
In contrast to axon initial segments, initiation of protein clustering at nodes of Ranvier has been hypothesized to depend on the L1 CAMs neurofascin and͞or NrCAM (4, 5) . L1 CAM clusters that do not contain ankyrin-G or sodium channels have been described during early sciatic nerve development (4) . Moreover, neurofascin binds directly to the voltage-gated sodium channel ␤ 1 and ␤ 3 subunits (5), suggesting that L1 CAMs could recruit sodium channels to developing nodes. L1 CAMs are composed of variable extracellular domains that can contribute to both homophilic and heterophilic binding and a relatively conserved cytoplasmic domain containing the conserved sequence QFNEDGSFIGQY that mediates an association with ankyrin when the FIGQY tyrosine is dephosphorylated (13) (14) (15) . FIGQY-dephosphorylated neurofascin and NrCAM are present in sciatic nerve at mature nodes of Ranvier (16) , suggesting that an unphosphorylated FIGQY tyrosine may mediate assembly of L1 CAM-ankyrin-G complexes.
Protein clustering at nodes of Ranvier has also been proposed to depend on intact paranodal axoglial contacts (6) (7) (8) (9) . Proteins restricted to paranodes include the contactin-associated protein neurexin͞contactin-associated protein (CASPR)͞paranodin 1 (NCP1) and contactin in axons and neurofascin 155 in glial paranodal loops (17) (18) (19) (20) . During node development, early paranodal axoglial contacts, as indicated by NCP1 clustering, overlap with, or are adjacent to, developing nodes (6) . As development proceeds, NCP1 is excluded from nodes and restricted to paranodes. The presence of axoglial contacts early in node development has led to the hypothesis that these contacts form a molecular sieve that clusters nodal protein complexes while allowing smaller juxtaparanodal complexes to pass through (9) . This hypothesis is supported by work with hypomyelinating shiverer mutant mice, which have decreased numbers of nodes, and nodes that do form are invariably adjacent to intact paranodes, as indicated by clustered NCP1 labeling (6) (7) (8) .
In this study, developmental analysis of nodes of Ranvier revealed that beta IV spectrin, the voltage-gated sodium channels Na v 1.2 and Na v 1.6, and the L1 CAM neurofascin are recruited to sites of ankyrin-G clustering. Recruitment of Na v 1.2, Na v 1.6, beta IV spectrin, and neurofascin to sites of ankyrin-G clustering is unimpaired in the dysmyelinating mutant jimpy mouse, which does not contain intact paranodal axoglial contacts.
Materials and Methods
Immunocytochemistry. Tissue sections were prepared as described (4) from postnatal day 22 (P22) rats that were perfused with 3.0 mM NaEDTA in PBS followed by 2.0% paraformaldehyde. P9 rats, P14 rats, P11 mice, and P20 mice were decapitated after carbon dioxide anesthesia, and optic nerves were immersion fixed in cold 2.0% paraformaldehyde. Fixed tissue was incubated in a sucrose gradient overnight and sectioned into 10-m sections on a cryostat. Antibodies used include a mouse monoclonal antibody against the ankyrin-G spectrin-binding domain (16) ; a mouse monoclonal pan sodium channel antibody (Sigma); a chicken polyclonal antibody against the ankyrin-G spectrin-binding domain (21) ; affinitypurified rabbit polyclonal antibodies against neurofascin (22), Nav1.2 (Upstate Biotechnology, Lake Placid, NY), the peptide CIANHTGVDIHRNGDFQKNG corresponding to residues 1042-1061 of mouse or rat Na v 1.6 (Alomone Labs, Jerusalem); a chicken polyclonal antibody against the beta IV spectrin unique domain that has been adsorbed against brain lysate from a beta IV spectrin knockout mouse (generous gift of M. Komada, Tokyo Institute of Technology) (12) ; and a guinea pig polyclonal antibody against NCP1 (generous gift of M. Bhat, Mt. Sinai School of Medicine, New York). Secondary antibodies were donkey antimouse, -rabbit, -goat, and -chicken labeled with rhodamine, fluorescein, or Cy-5 (Jackson ImmunoResearch).
Jimpy Mice. Mice carrying the X-linked jimpy mutation in the myelin proteolipid protein were obtained from The Jackson Laboratory. Heterozygous females were mated to wild-type males, and hemizygous male jimpy offspring were analyzed.
Results
We examined protein clustering at optic nerve nodes of Ranvier early in development (P9) and late in development (P22). By P22, ankyrin-G is clustered at nodes (arrowheads) and to a lesser extent in paranodal regions (arrows) ( Fig. 1 A, 
D, G, and J).
Paranodal ankyrin-G is lost in adult animals (data not shown). Nodal ankyrin-G overlaps with voltage-gated sodium channels (Fig. 1B) , neurofascin ( Fig. 1E) , and beta IV spectrin (Fig. 1H ). Both Na v 1.2 and Na v 1.6 are present in nodes at this time (see below). Paranodal ankyrin-G overlaps with neurofascin in some paranodes ( Fig. 1 D and E, arrows) and with the axonal We examined the relative clustering of ankyrin-G and beta IV spectrin at developing nodes of Ranvier in optic nerve. At P9, a time when ankyrin clusters are first observed, 62% (50 of 80) of the ankyrin clusters examined contained overlapping beta IV spectrin (for example, see Fig. 2 A-C) . The remainder, 38%, did not contain overlapping beta IV spectrin (Fig. 2 D-F) . Many of the ankyrin-G clusters at P9 were broad suggesting a relatively immature stage of node development. The extended region of ankyrin-G clustering in Fig. 2D was seen early in development and could represent an initial stage of ankyrin clustering during node formation. Clusters of beta IV spectrin resembling mature or developing nodes were not observed in the absence of ankyrin-G. Thus, ankyrin clustering precedes that of beta IV spectrin during node of Ranvier development.
Approximately 59% (27 of 46) of ankyrin clusters at P9 overlapped with voltage-gated sodium channels (for example, see Fig.  2 G-I). The remainder of the ankyrin clusters examined, 41%, did not overlap with clustered voltage-gated sodium channels ( Fig. 2 J-L) suggesting that voltage-gated sodium channels are recruited to ankyrin-G clusters at developing nodes of Ranvier. A similar pattern was also seen with an isoform-specific antibody against the voltage-gated sodium channel Na v 1.2 (data not shown). The voltage-gated sodium channel present at mature nodes of Ranvier, Na v 1.6, is not yet present in the P9 optic nerve (data not shown).
The formation of NCP1-mediated paranodal axoglial contacts has been hypothesized to be required for appropriate protein clustering at nodes of Ranvier (6-9). Ankyrin-G clusters at P9 generally either overlap NCP1 (Fig. 2 M-O) or are bordered by NCP1 (data not shown).
The relative clustering of ankyrin-G and neurofascin was more complicated than the other node components. P9 optic nerve contained three different patterns of ankyrin-G and neurofascin clustering. First, some clusters of ankyrin-G and neurofascin overlapped. Second, clusters of neurofascin were observed in the absence of overlapping ankyrin-G. Third, clusters of ankyrin-G were observed in the absence of overlapping neurofascin (data not shown). These results indicate that early in development ankyrin-G and neurofascin can cluster independently of each other. We hypothesized that some of these protein clusters were not destined to become nodes of Ranvier and might disappear during later stages of development. At P14, 89% (132 of 149) of ankyrin-G clusters contained overlapping neurofascin whereas the remaining 11% did not. Neurofascin clusters that resembled nodes of Ranvier always contained overlapping ankyrin-G (100 of 100). Figure 3 A-C shows several nodes of Ranvier containing both ankyrin-G (Fig. 3A) and neurofascin (Fig. 3B) . A composite image is shown in Fig. 3C . Fig.  3 A-C Insets show a developing node containing ankyrin-G without overlapping neurofascin.
Recruitment of Nav1.2, Beta IV Spectrin, and Neurofascin to Ankyrin-G Clusters Is Independent of NCP1-Mediated Axoglial Contacts. The hypothesis that intact paranodes are necessary for protein clustering during node of Ranvier development implies that mutations that disrupt paranodal contact should eliminate protein clustering at nodes. To examine this question, we used the dysmyelinating mouse mutant Jimpy which has a mutation in the glial proteolipid protein causing an increase in oligodendrocyte cell death and dramatic hypomyelination (see refs. 23 and 24 for reviews).
Optic nerves from wild-type mice at P11 contain clusters of ankyrin-G (Fig. 4A ) that either overlap (white arrowheads) or border (arrow) sites of axoglial contact containing NCP1 (Fig. 4B) . Fig. 4C shows a composite image with areas of ankyrin-G and NCP1 overlap in yellow. A rare ankyrin-G cluster that does not border or overlap NCP1 is indicated by the yellow arrowhead. NCP1 does not cluster at sites of axoglial contact in jimpy mutant mice (Fig. 4E) indicating that intact paranodes do not form in mutants. In the absence of intact paranodes, ankyrin-G clusters are still seen (Fig. 4D, arrowheads) . Paranodal ankyrin-G seen in wild-type optic nerve (Fig. 4 G, I , and K) is not present in jimpy optic nerve (Fig. 4 H, J , and L) providing further evidence for disrupted paranodes in jimpy mutants.
Recruitment of the voltage-gated sodium channel Na v 1.2, beta IV spectrin, and neurofascin to ankyrin-G clusters is unimpaired in jimpy mutants. In P11 wild-type mice, approximately 73% (27 of 37) of ankyrin-G clusters examined contained Na v 1.2 (for example, see Fig. 4G ). In jimpy littermates, approximately 93% (25 of 27) of ankyrin-G clusters examined contained Na v 1.2 (Fig. 4H) indicating that recruitment of Na v 1.2 to ankyrin clusters is unimpaired in the absence of intact paranodes. Recruitment of beta IV spectrin (compare Fig. 4 I and J) and neurofascin (compare Fig. 4 K and L) to ankyrin-G clusters was also unimpaired in jimpy mutants.
The Developmental Switch from Nav1.2 to Nav1.6 Is Independent of Intact NCP1-Mediated Axoglial Contacts. Nodes of Ranvier in P20 wild-type mouse optic nerve, marked by ankyrin-G (Fig. 5A) , are flanked by paranodal NCP1 (Fig. 5B) . A composite image is shown in Fig. 5C . In jimpy mutants, ankyrin clusters are present (Fig. 5D ) in the absence of paranodal specializations as determined by the lack of NCP1 staining (Fig. 5E ). The number of ankyrin-G clusters per field of view in P20 jimpy mice is approximately 35% of that in wild-type mice.
Recruitment of the voltage-gated sodium channels Na v 1.2 and An example of this overlap can be seen in Fig. 5I . Na v 1.6 overlaps with approximately 82% (28 of 34) of examined ankyrin-G clusters in P20 jimpy optic nerves. An example of this overlap can be seen in Fig. 5J . These results demonstrate that, although ankyrin-G clustering is impaired in jimpy mutants, it does still occur in the absence of intact paranodes, and recruitment of the voltage-gated sodium channels Na v 1.2 and Na v 1.6 to ankyrin clusters is unimpaired in the absence of intact paranodes. Beta IV spectrin and neurofascin are also present at ankyrin-G clusters in P20 optic nerve from both wild-type and jimpy mice (data not shown).
Discussion
This study has demonstrated that clusters of ankyrin-G in developing optic nerve define early intermediates in the morphogenesis of nodes of Ranvier, and suggests that other node components including voltage-gated sodium channels, beta IV spectrin, and neurofascin are recruited to ankyrin clusters. These results do not rule out the possibility that other node components will be reciprocally required for stabilization of ankyrin-G clusters. Lack of intact axoglial contacts at paranodes in jimpy mutant mice does not adversely affect recruitment and stabilization of the voltage-gated sodium channels Na v 1.2 and Na v 1.6, beta IV spectrin, and neurofascin at ankyrin-G clusters. The finding that ankyrin-G clustering at developing nodes of Ranvier precedes clustering of the L1 CAM neurofascin is in contrast to reports from our laboratory (4). It is possible that this difference reflects a difference between sciatic nerve and optic nerve. However, when we looked at P9 optic nerve, a time when ankyrin and sodium channel clusters are just becoming visible, we did see both neurofascin clustering in the absence of ankyrin-G and ankyrin-G clustering in the absence of neurofascin (data not shown). We hypothesized that all of these clusters were not destined to become nodes of Ranvier. When we examined optic nerves later in development (P14) we found that a small percentage of ankyrin-G clusters did not contain detectable clusters of neurofascin. We did not find node-like neurofascin clusters in the absence of detectable ankyrin-G at P14, which suggests that although ankyrin-G and neurofascin can cluster independently of each other early in development, ankyrin-G clusters represent the earliest node of Ranvier developmental intermediates. It could be argued that the developing nodes observed without clustered neurofascin contain NrCAM instead, which is an unlikely because all nodes of Ranvier examined in adult optic nerve contained neurofascin (data not shown). Thus, a division between nodes containing neurofascin and nodes containing NrCAM seems unlikely. Our results imply the existence of an as yet undiscovered ankyrin-G receptor that recruits ankyrin to developing nodes. The proposed ankyrin-G receptor likely clusters at developing nodes of Ranvier of central nervous system axons in response to a soluble factor secreted by oligodendrocytes (25, 26) . A requirement for multiple ankyrin domains to restrict ankyrin-G to initial segments in cultured dorsal root ganglia neurons has been demonstrated (14) . Thus, the ankyrin-G receptor may interact with multiple ankyrin domains or it may recruit other ankyrin-binding proteins to sites of future nodes of Ranvier.
It has been hypothesized that paranodal axoglial contacts are necessary for clustering of nodal proteins (6) (7) (8) (9) . According to this hypothesis, intact paranodes act as a rake forcing nodal protein complexes into a progressively smaller area. This hypothesis has empirical support from studies demonstrating that paranodal contacts, as defined by NCP1 clustering, are present at the earliest nodal developmental intermediates (6) . Additionally, in the hypomyelinating mouse mutant shiverer, ''normal'' node-like sodium channel clusters are rare. The node-like clusters that do form are invariably adjacent to intact axoglial contacts as defined by clustered NCP1 suggesting a necessary role for such contacts in protein clustering at nodes (6) (7) (8) . In addition, in these mutants the normal developmental transition from Na v 1.2 to Na v 1.6 does not occur except in clusters directly adjacent to NCP1-positive paranodes (8) .
This hypothesis has not been supported universally. Early studies hypothesized that nodes develop before formation of well-defined paranodal axoglial specializations (27, 28) . Recent work demonstrates that disruption of individual proteins involved in axoglial contact leaves nodes of Ranvier seemingly intact (20, 29) , although these studies did not look specifically at the transition from Na v 1.2 to Na v 1.6. Additionally, previous work with cocultures of peripheral neurons and schwann cells has yielded mixed results with regard to the role of axoglial contact in node formation (30, 31) .
Jimpy is a spontaneously occurring mutation in the glial proteolipid protein that results in hypomyelination and causes oligodendrocyte cell death (23, 24) . Unlike the shiverer mutants used in previous studies, which do retain some intact paranodal axoglial contacts, jimpy mice do not contain intact paranodes as indicated by elimination of paranodal NCP1 and paranodal ankyrin-G. Consistent with oligodendrocyte cell death, we observed a dramatic decrease in MAG labeling in jimpy optic nerves compared with wild type (data not shown).
Recruitment of node proteins including neurofascin, beta IV spectrin, Na v 1.2, and Na v 1.6 to ankyrin clusters is unimpaired in jimpy mutants, suggesting that the mechanism responsible for recruiting neurofascin, beta IV spectrin, Na v 1.2, and Na v 1.6 to developing nodes is unimpaired in the absence of intact paranodal contacts. It could be argued that jimpy mutants initially form normal paranodes with accompanying nodal structures, and that paranodes disappear with death of oligodendrocytes but leave behind clusters of nodal proteins. However, this occurrence is unlikely because we did not see any NCP1 clustering in jimpy mice at the earliest times examined.
The most likely explanation for the difference between our results and previous results with shiverer mice in terms of number of protein clusters that form (6) is a difference in data interpretation. Rasband et al. (6) demonstrated that the number of ''normal'' node-like sodium channel clusters in shiverer optic nerve was Ϸ6% of that in wild type. However, inclusion of ''abnormal'' sodium channel clusters raised this number to approximately 25% (our own approximation based on graph in figure 8A in ref. 6 ). This number is similar to our own data that jimpy optic nerve contains approximately 35% of the wild-type number of ankyrin-G clusters.
Sodium channel and ankyrin-G clustering in response to a soluble factor released by differentiated oligodendrocytes has been demonstrated (25, 26) . The lack of normal oligodendrocytes in jimpy and shiverer mice could decrease the amount of this diffusable factor. Such a decrease could explain the decrease in the number of nodes of Ranvier seen in jimpy and shiverer mice. Alternatively, we cannot rule out the possibility that this decrease in node of Ranvier number is caused by an effect of axoglial contact on node stabilization.
This study demonstrates that clustering of ankyrin-G defines early developmental intermediates in node of Ranvier formation. Similarities between axon initial segment (12) and node of Ranvier development suggest that ankyrin-G-dependent targeting of ion channels, and membrane-skeleton components might be a shared feature of these excitable membrane domains. Although our results demonstrate that intact NCP-1-mediated axoglial contacts are not necessary for nodal protein clustering, they do not rule out a role for NCP1-independent axoglial contact in development or maintenance of nodes.
